Molecular motors interact with cytoskeletal structures, microtubules (MTs), or actin filaments (AFs), which serve as "rails" for the movement of cargo organelles. AF-dependent motors, myosins, generally move the cargo to the plus ("barbed") ends of AFs [6, 7, 8 
bution is mediated by an AF-dependent motor, myosin branes [3] , and cell division [4, 5] . The driving force for V [18] . During aggregation, pigment granules leave AF intracellular transport is provided by molecular motors tracks and move to the cell center along MTs. Therefore, bound to the surface of cargo organelles.
redistribution of pigment granules in melanophores requires a remarkable degree of functional interaction between the two transport systems. However, it remains *Correspondence: sgross@uci.edu unknown how the coordination between these transport systems is controlled. Conceivably, there are two likely mechanisms that could control the relative activity of each transport system and influence the competition between them. The first mechanism concerns the physical availability of MT and AF "rails" in the vicinity of the moving granule. Because the density of MTs is higher at the cell center, whereas AFs are distributed more or less uniformly with a bias to the cell periphery [27, 28], the frequency of interactions of MT motors with cytoskeletal substrate is potentially enhanced in the middle of a cell, whereas myosin motors could contact AFs more often at the margin. Thus, during dispersion, variations in the densities of cytoskeletal elements might play a significant role in determining when granules leave MTs and bind to AFs, and the outcome of the tug-of-war between the transport systems might be determined by the frequencies of interactions of pigment granules with each type of cytoskeletal substrate.
The other possible mechanism for controling the balance between MT-and AF-dependent transport is through a signaling cascade. In melanophores, global regulation of pigment transport involves changes in cytoplasmic levels of the second messenger, cAMP ([30, 31, 32] ; reviewed in [23]). High cAMP levels induce pigment dispersion, whereas low levels cause aggregation. In some pigment cells, aggregation could be also triggered by a transient increase in intracellular concentra- ance between different transport systems during pigment redistribution in fish melanophores, we quantified the physical parameters of MT-dependent and AFwith adrenalin or more slowly redisperse granules after dependent movement of pigment granules in the course adrenalin withdrawal (see reference [25] and Figure 1A ). of pigment aggregation or dispersion. We find that durRedistribution of pigment granules in melanophores ing dispersion the key parameters characterizing piggenerally requires the activities of opposite-polarity MT ment granule transport along MTs did not depend on MT motors and myosin V (reviewed in [23]): the MT motors density and were not significantly altered by complete move along radial MT tracks ( Figure 1C, left) , whereas disruption of AFs. In contrast, the changes in MT-and myosin V moves along more uniformly distributed AFs AF-dependent transport correlated with the levels of ( Figure 1C, right) . The apparent high density of AFs at the second messenger cAMP and were affected by an the cell center ( Figure 1C , right) simply reflects variations inhibitor of Protein Kinase A (PKA). Furthermore, perturin the cell's thickness, as discussed in (ii), below. To bation of cAMP levels prevented the transfer of pigment examine the composition of molecular motors involved granules from MTs onto AFs. We conclude that the in pigment transport in black tetra melanophores, we switching of pigment granules between the two major have probed the preparations of pigment granules with cytoskeletal systems is independent of the densities of antibodies against the major motor protein types ( Figure  MT (1) Geometrically, MT density is inversely proportional to the distance from the cell center. Therefore, MTs at 1/4 distance should be three times more dense than at 3/4.
(2) Cell thickness decreases from the cell center to the periphery. Our measurements with injection of fluorescent dextran showed that at 1/4 of the radius the cell thickness is 1.6 times higher than at 3/4 of the radius.
(3) Distribution of MT plus ends examined in our previous work [29] indicates that at 1/4 of the cell radius the amount of MT plus ends is 2.5 times higher than at 3/4. Because the vast majority of cytoplasmic MTs in melanophores are connected to the centrosome at their increase of plus-end runs in that it apparently inhibits the switching from MT-to AF-dependent transport. These results indicate that the switching from MT to Discussion AF indeed occurs during minus end-directed MT runs. Thus, the PKA-based control of MT motors that influOur results indicate that balancing the activities of transport systems in melanophores involves independent ences the length of plus-end runs indirectly controls the frequency of minus-end runs, which in turn determines regulation of MT-and AF-based transport by a signaling mechanism that involves changes in the levels of the the rate of switching of organelles from MT onto AF "rails."
second messenger cAMP. Our data further suggest that therefore, the granule movement occurs predominantly toward the minus end (Figure 7, top) . During dispersion, cAMP levels are elevated, the activity of dynein is greatly reduced, and the other two motors become active; therefore, the prevalent runs occur in the plus-end direction (Figure 7, middle) . As dispersion progresses, the levels of cAMP reduce, and the length of plus-end runs continuously decreases, presumably because of the decrease in the kinesin motor activity, allowing the switching to myosin V-driven AF transport (Figure 7, bottom) . Our results indicate that the injection of dyneinblocking antibody 74.1 induces hyperdispersion of pigment similar to the situation with 8-Br-cAMP/IBMX treatment and therefore is likely to inhibit the switching of granules from MT onto AF tracks. This is in agreement with the previous observations that in Xenopus melanophores the switching between MT-and AF-dependent transport occurs during the granule movement in the minus-end direction [21] . An apparent constraint for this mechanism is that during dispersion, when the switching occurs, the general direction of granule movement along MTs is toward the cell periphery, i.e., the plus ends. However, as we have shown earlier (Figure 2A) , during dispersion the average length of minus-end runs is greatly reduced but is by no means close to zero. More- Chemicon) were used for the detection of motor proteins in preparamovement of a pigment granule along the MT axis was then analyzed tions of pigment granules. Immunoblotting was performed as deby breaking the displacement into periods of continuous runs to scribed previously [29] . Reactive protein bands were revealed with the MT minus end (to the cell center), to the plus end (to the cell SuperSignal West Femto detection system (Pierce). periphery), and pauses with a custom-written software as described Dynein antibody 74.1 was purified from ascites fluid (Covance) in [38] .
by Protein A chromatography and injected into cells with aggregated For determining the average plus-end or minus-end run length, pigment granules at the concentration of 5 mg/ml just prior to the the mean value of all plus-end or minus-end runs, respectively, was withdrawal of adrenalin. taken. Past work has shown that the distribution of run lengths is Cell thickness measurements were performed by microinjection skewed and is described by the sum of two decaying exponentials of a solution of FITC-labeled dextran (MW 10,000, Molecular Probes) [39], so one might be concerned that the average run length was into cells and measurement of the levels of fluorescence in different sensitive to this skewness and was not a robust characterization of areas of the cytoplasm with Metamorph imaging software. the motion. However, even for skewed distributions, the central limit Levels of MT and AF polymers in control and 8-Bromo-cAMP/ theorem applies as long as the population has a finite standard IBMX-treated cells were calculated as follows: for MTs, cells were deviation , and the sampling distribution of the sample mean x is injected with Cy3-labeled tubulin, and the polymer level was calcuapproximately normal as long as the sample size n is large enough lated with Metamorph imaging software as the difference between [46] . In practice, for a skewed distribution such as a decaying expothe total brightness measured in a given area of the cytoplasm and the background brightness inside the smaller areas of the cytoplasm nential, n typically must be larger than 25 [46] 
